Over the past 37 years, percutaneous coronary intervention (PCI) has revolutionized patient revascularization care for symptomatic ischemic coronary artery disease by improving myocardial perfusion and clinical outcomes. However, PCI has been considered a double-edged sword due to the endothelial injury and denudation that occurs from a combination of high-pressure balloon inflations and relatively noncompliant stent struts. The vascular response to mechanical endothelial cell (EC) and smooth muscle cell (SMC) injury represents a complex series of molecular and cellular events that involve the orchestration between resident and recruited vascular cells, leukocytes, and progenitor cells that regulate the ensuing neointimal hyperplasia, vascular remodeling, and reendothelialization (1) . A range of innovative therapies and mechanical coronary device strategies have evolved to improve the outcomes and response to injury induced as a consequence of these procedures for patients with symptomatic coronary lesions. By 1993, baremetal stents (BMS) were FDA approved in the US. Compared with balloon angioplasty alone, BMS dramatically improved vessel remodeling with reduced restenosis rates and fewer subsequent reinterventions required. The improvements seen with BMS are thought to be primarily due to a reduction in late lumen loss, a process known as negative remodeling (2); however, clinical restenosis rates still occurred in approximately 20% to 30% of patients receiving BMS, in part, due to persistent neointimal hyperplasia (3, 4) . A decade later, drug-eluting stents (DES), which release antimitotic drugs, such as sirolimus, paclitaxel, zotarolimus, or everolimus, were developed and potently inhibit SMC proliferation and extracellular matrix generation, resulting in markedly reduced neointimal hyperplasia and an approximately 70% reduction of coronary restenosis compared with BMS (5, 6) .
Because DES-dependent drug delivery does not discriminate between proliferating vascular SMCs (VSMCs) and ECs, delayed reendothelialization has been considered a major limiting factor for optimal vascular repair and may predispose patients to late thrombotic events (7, 8) . Indeed, preclinical studies and pathologic evaluation at the time of human autopsy have confirmed a delayed reendothelialization associated with DES (9, 10). Considerable attention has been focused on the possibility of late (30 days to 1 year) and very late (after 1 year) thrombosis associated with DES and whether extended dual antiplatelet therapy (DAPT) reduces this potential thrombotic risk (11) (12) (13) . DAPT itself may also carry higher bleeding risks over this extended period. Every year, nearly 500,000 patients in the US undergo PCI for symptomatic coronary artery disease, and DES are deployed in at least 75% of these cases (14) . As such, identification of novel strategies to restore rapid reendothelialization may allow for improved clinical outcomes and simultaneously minimize the need for prolonged DAPT.
Preclinical and clinical reendothelialization strategies
An intact vascular endothelium serves not only as a functional barrier between blood and all tissues, but also dictates the vasoreactive, thrombogenic, inflammatory, and adhesive properties that are important for the vessel response to injury. Reendothelialization after PCI is thought to occur, in part, from residual islands of noninjured ECs within the stented region, flanking ECs outside of the stented region, and circulating or resident progenitor cells (7) . While BMS and DES have addressed arterial remodeling and neointimal hyperplasia, the incomplete endothelialization associated with these stents remains an Drug-eluting stents have emerged as potent weapons in the treatment of patients with symptomatic coronary artery disease by reducing restenosis rates; however, a significant clinical consequence of these stents is delayed reendothelialization, which may increase the risk of late stent thrombosis. In this issue of the JCI, Santulli and colleagues generated an adenovirus that expresses the cyclin-dependent kinase inhibitor p27
Kip1 (p27) and bears four tandem copies of target sequences for the endothelial cell-enriched microRNA (miRNA) miR-126-3p (Ad-p27-126TS) in an attempt to specifically reduce proliferation of vascular smooth muscle cells, but not endothelial cells. Indeed, delivery of Ad-p27-126TS to balloon-injured arteries in rats not only induced faster and more complete reendothelialization, but also effectively improved neointimal hyperplasia, hypercoagulability, and vasoreactivity. Collectively, these findings provide a cogent foundation for the potential therapeutic use of miRNA-facilitated gene delivery strategies to heal vessel wall injury. jci.org Volume 124 Number 9 September 2014
Viral-based gene strategies have been used to transduce the vessel wall with a range of cell-cycle regulators and have provided scientific insights and therapeutic opportunities for regulating neointimal hyperplasia (19, 20) ; however, lack of cell specificity also adversely affects the growth of the neoendothelium. In this issue of JCI, Santulli, et al. (21) created a unique adenovirus that expresses the cyclin-dependent kinase inhibitor p27 Kip1 (p27) under a strong CMV promoter and bears four tandem copies of target sequences for the EC-enriched microRNA (miRNA) miR-126-3p (Ad-p27-126TS) in kinetics, stent alloy, architecture, polymer coating composition, or abluminal release of antimitotic drugs, among others (6, 15, 16) . For example, the Genous (OrbusNeich) stent, designed to capture so-called CD34 + endothelial progenitor cells, which include both endothelial and nonendothelial progenitor subsets, demonstrated promising reendothelialization properties and reduced neointimal hyperplasia in preclinical studies (17) . Unfortunately, compared with the Taxus (Boston Scientific) DES, the Genous stent showed no major differences in clinical events or target vessel revascularization out to two years (18) .
active area of investigation with renewed scientific interest, given the potential for late thrombotic risk. Additional factors, such as delayed hypersensitivity reactions to the DES polymer or technical and mechanical factors (6), also likely contribute to stent thrombosis independently of reendothelialization. Nevertheless, a range of preclinical and clinical strategies have emerged in an attempt to address both reendothelialization and antithrombotic risk. These strategies include recruitment of circulating progenitor cells, delivery of proangiogenic factors, and alteration of DES properties, such as drug dose/release Figure 1 . miRNA-facilitated gene delivery of p27 to the injured vessel wall reduces neointimal hyperplasia and improves reendothelialization. Carotid artery injury, such as occurs following balloon inflation, results in neointimal hyperplasia, increased extracellular matrix deposition, and loss of vessel endothelium, all of which increase thrombotic risk. Treatment with adenovirus control (Ad-GFP) does not alter injury-induced vessel damage. Following carotid artery injury, adenoviral delivery of an adenovirus for p27 (Ad-27) inhibits neointimal hyperplasia, but does not improve reendothelialization. Santulli and colleagues (21) have demonstrated that local delivery of an adenovirus bearing four tandem copies of target sequences for miR-126-3p (Ad-p27-126TS) reduces VSMC proliferation, but not EC proliferation. Because of the markedly higher expression levels of endogenous miR-126-3p in ECs compared with levels in VSMCs, adenoviral p27 overexpression is suppressed in ECs via miR-126-3p-mediated binding of complementary target sequences in the Ad-p27-126TS vector. Consequently, neointimal hyperplasia is reduced and endothelial growth and coverage are increased, leading to improved thrombotic risk and vasoreactivity. (30) . These findings are consistent with the specificity of other miRNA "sponges" that have been used to regulate gene and miRNA expression in other cellular systems (31, 32) . Future studies to address some of these issues regarding Ad-p27-126TS will provide important insights and define whether miRNA-facilitated gene delivery will promote reendothelialization, particularly in larger animals, and be transformative for healing the injured vessel wall with PCI or for other related vascular disease states.
improved hypercoagulability, reflected by circulating levels of plasma D-dimer and phenylephrine-induced vascular reactivity, to the same extent exhibited by uninjured vessels after two weeks.
Conclusions and future directions
Taken together, the work by Santulli et al. (21) provides compelling evidence for further exploration into the incorporation of miRNA target sites to facilitate gene delivery in a cell-specific manner for improving reendothelialization after vessel wall injury. Because endothelial repair may be a limiting factor in a range of vascular disease states, these findings may provide therapeutic opportunities for related conditions, such as vascular graft failure, which may develop in patients requiring arteriovenous fistulae for hemodialysis, vascular conduits for peripheral artery disease, or saphenous vein grafts for coronary artery bypass graft surgery, among others. Nevertheless, several important questions and issues remain before this innovative technology is ready to translate to human studies. First, vascular carotid injury in rats does not necessarily recapitulate human coronary injury due to anatomical considerations. For example, rats exhibit lower medial wall elastin, a smaller subintimal layer, and a more continuous internal elastic lamina (26) ; therefore, better insights into vessel injury could be provided by larger animals such as pigs, which more closely resemble the human response to coronary artery injury (27) . Second, it is unclear whether Ad-p27-126TS will function as effectively under harsher environmental conditions such as hypercholesterolemia, diabetes, or native atherosclerosis, conditions that may alter endogenous miR-126-3p expression in the vascular endothelium, thereby allowing for some p27 overexpression in ECs and potentially abrogating reendothelialization. Third, in this study, local adenoviral-mediated arterial delivery required cessation of blood flow for 20 minutes; therefore, alternative therapeutically compatible types of delivery approaches will need to be considered for PCI, though this type of local delivery may be feasible for more accessible surgical vascular grafts, delivered either endoluminally or periadventitially.
an attempt to specifically reduce proliferation of VSMCs, but not ECs (Figure 1 ). miRNAs are evolutionarily conserved, single-stranded, noncoding RNAs that suppress protein expression by binding to target complementary sequences in the 3′-UTRs of mRNAs, an event that is directed by the "seed region" nucleotides 2-7 at the 5′ end of the mature miRNA (22) . Therapeutic manipulation of miRNAs has recently garnered scientific interest for their contribution to a number of vascular disease states (23, 24) . The concept of miRNA-facilitated viral delivery used by Santulli et al. (21) takes advantage of the well-established observation that miR-126-3p expression is robustly enriched in the vascular endothelium and nearly absent in VSMCs under normal homeostatic conditions (25) . As such, endogenous miR-126-3p binding to the Ad-p27-126TS would diminish the ability of p27 to be overexpressed in ECs, while being permissive to p27 overexpression in SMCs, thereby inducing growth arrest in VSMCs, but not in ECs, and blocking VSMC-mediated neointimal proliferation. Indeed, using both in vitro and in vivo studies, Santulli and colleagues found that Ad-p27-126TS transduction in VSMCs blocks cell proliferation and migration, while protecting EC functional properties (21) . In a balloon-injured rat carotid injury model, local delivery of Ad-p27-126TS (injected into the common carotid artery and allowed to incubate for 20 minutes in the absence of flow) potently reduced neointimal hyperplasia to the same extent as that of Ad-p27 without the miR-126-3p target sequences. Importantly, after two weeks, injured vessels transduced with Ad-p27-126TS exhibited nearly 80% reendothelial coverage (88% by 4 weeks) compared with that observed in uninjured vessels, whereas the Ad-p27-transduced vessels showed only 26% EC coverage (29% by 4 weeks) (Figure 1 ). These findings were verified using a combination of immunohistochemistry for VE-cadherin on en face and cross-sectional preparations, tri-and bidimensional confocal microscopy, and scanning electron microscopy. Consistent with an intact functional EC barrier, Ad-p27-126TS reduced accumulation of CD45 + leukocytes and arterial structure for collagen and elastin fibers. Finally, Ad-p27-126TS delivery also significantly
